As a neuron differentiates, it adopts a suite of features specific to its particular type. Fly photoreceptors are of two types: R1-R6, which innervate the first optic neuropile, the lamina; and R7-R8, which innervate the second, the medulla. Photoreceptors R1-R6 normally have large light-absorbing rhabdomeres, express Rhodopsin1, and have synaptic terminals that innervate the lamina. In Drosophila melanogaster, we used the yeast GAL4/UAS system to drive exogenous expression of the transcription factor Runt in subsets of photoreceptors, resulting in aberrant axonal pathfinding and, ultimately, incorrect targeting of R1-R6 synaptic terminals to the medulla, normally occupied by terminals from R7 and R8. Even when subsets of their normal R1-R6 photoreceptor inputs penetrate the lamina, to terminate in the medulla, normal target cells within the lamina persist and maintain expression of cell-specific markers. Some R1-R6 photoreceptors form reciprocal synaptic inputs with their normal lamina targets, whereas supernumerary terminals targeted to the medulla also form synapses. At both sites, tetrad synapses form, with four postsynaptic elements at each release site, the usual number in the lamina. In addition, the terminals at both sites are invaginated by profiles of glia, at organelles called capitate projections, which in the lamina are photoreceptor sites of vesicle endocytosis. The size and shape of the capitate projection heads are identical at both lamina and medulla sites, although those in the medulla are ectopic and receive invaginations from foreign glia. This uniformity indicates the cellautonomous determination of the architecture of its synaptic organelles by the presynaptic photoreceptor terminal.
Introduction
Development of the nervous system requires that neurons not only find their correct targets in the brain but also form correct synaptic partnerships once they contact those targets. Many studies focus on either aspect of neural development, but few consider both in a single paradigm. Their strictly ordered topography (Kaas, 1997; Chklovskii and Koulakov, 2004) and development (McLaughlin and O'Leary, 2005) , as well as regulated synaptic composition (Nicol and Meinertzhagen, 1982; Rao-Mirotznik et al., 1995) , make visual systems ideally suited to study both pathfinding and synaptogenesis. To navigate to their targets in the developing brain, axons in both vertebrate and invertebrate visual systems use related guidance molecules, such as receptor protein tyrosine kinases (Dütting et al., 1999) and phosphatases (Johnson et al., 2001) . Related events also occur in adult organization. Thus, when photoreceptors degenerate in the vertebrate retina, reactive changes occur to form ectopic synapses between novel partners (Peng et al., 2000 (Peng et al., , 2003 Johnson et al., 2006; Bayley and Morgans, 2007) . In the visual system of Drosophila, we can study these phenomena by genetic interventions, without invoking cell degeneration, but instead by targeting photoreceptor axons to an incorrect neuropile in the brain.
The visual system of Drosophila is remarkable for its numerical and spatial determinacy, especially at its identified photoreceptor synapses (Meinertzhagen and Hanson, 1993; Prokop and Meinertzhagen, 2006) . The eye has two types of photoreceptors: R1-R6, which terminate in the first optic neuropile, the lamina, can be considered equivalent to vertebrate rods; whereas R7 and R8, with axons that terminate in different strata of the second neuropile, or medulla, are equivalent to cones. The lamina is thus formally equivalent to the outer plexiform layer of the retina, and responsible for contrast encoding (Laughlin et al., 1987) , whereas the medulla assumes many of the functions of the inner plexiform layer.
Photoreceptor axons in the fly's visual system undergo morphogenesis in three stages (Meinertzhagen and Hanson, 1993; Hiesinger et al., 2006) . In the initial stage, axonal pathfinding, interactions between the ingrowing photoreceptor axons and glia in the developing brain (Chotard and Salecker, 2004; Freeman, 2006 ) play a major role in ensuring that the axons first target their correct neuropile. This is followed by lateral targeting, during which axons find their correct synaptic partners (Meinertzhagen and Hanson, 1993) . Photoreceptor synapses then assemble element by element, when dendrites from lamina cell targets converge on presynaptic sites to form the postsynaptic tetrads of the adult (Fröhlich and Meinertzhagen, 1982) . Each R1-R6 terminal forms ϳ50 evenly dispersed tetrads (Meinertzhagen and Sorra, 2001) . Correct retinotopic targeting of photoreceptors is regulated by many genes (Mast et al., 2006) and is independent of neuronal activity (Hiesinger et al., 2006) . With these features as a basis, what then happens to R1-R6 photoreceptors that fail to terminate in the lamina and are genetically mistargeted to the medulla? Our study examines whether these photoreceptors still form synapses in the lamina, through which their axons must pass, and whether supernumerary photoreceptor terminals synapse with new partners in the medulla.
Materials and Methods

Fly strains
Fruit flies, Drosophila melanogaster, were raised on standard cornmeal molasses medium at 23°C for all crosses unless otherwise noted. The wild-type stock was Oregon R (OR). We used the GAL4/UAS system (Brand and Perrimon, 1993) to construct flies in which the R1-R6 photoreceptors bypass the lamina and mistarget to the medulla. For this, two GAL4 lines were used to drive UAS-runt (Dormand and Brand, 1998) expression: GMR-GAL4 (Moses and Rubin, 1991; Freeman, 1996) , which drives expression in all photoreceptors, and MT14-GAL4 (Tissot et al., 1997) . The MT14-GAL4 and UAS-runt lines were provided by Dr. Utpal Banerjee (University of California, Los Angeles, Los Angeles, CA).
We distinguished subsets of R7 and R8 photoreceptors using the R7 rhodopsin (Rh) . To identify Rhodopsin1 (Rh1)-expressing cells in the eye, as well as to distinguish the ectopic terminals of R1-R6 in the medulla from the terminals of R7 and R8, we used the P{ry[ϩt7.2]ϭRh1(Ϫ252/ϩ67)-lacZ.omSMB} line, which expresses ␤-gal in R1-R6. We also used y [1] w [*] ; Pin [Yt] /CyO; P{UAS-mCD8::GFP.L}LL6 to monitor GAL4 driver expression. The requisite stocks were all from the Bloomington Stock Center (Indiana University, Bloomington, IN) .
A mosaic analysis with a repressible cell marker (MARCM) technique (Lee and Luo, 1999 ) was used to visualize individual photoreceptors in which both UAS-runt and UAS-mCD8::GFP expression was driven by GMR-GAL4. To do this, we crossed hsFLP; NeoFRT40A actin-GAL80/ CyO to UAS-mCD8::GFP; NeoFRT40A, GMR-GAL4, UAS-runt lines and selected for hsFLP/UAS-mCD8::GFP; NeoFRT40A actin-GAL80/ NeoFRT40A, GMR-GAL4, UAS-runt adult flies. Flies were reared at 23°C and third-instar larvae were heat shocked for 5 min at 37°C.
To visualize the profiles of photoreceptor terminals by electron microscopy (EM), we used yw; UAS-HRP::CD2/CyO and UAS-HRP::CD2 (on III) (Larsen et al., 2003) . To increase expression of the UAS-HRP::CD2 enzymatic marker, we transferred flies to 29°C during early pupal development or at least 24 h before dissection (when using GMR-GAL4 to drive UAS-runt expression). At such elevated temperatures, the UAS-runt/ϩ; MT14-GAL4/ϩ flies exhibited a genetically induced motor defect, so that most failed to eclose. As representative adults, we therefore used occasional young escaper flies that emerged naturally. Otherwise, UAS-runt/ϩ; MT14-GAL4/ϩ, and GMR-GAL4/ UAS-runt flies were raised at 18°C to reduce the severity of the Runt overexpression phenotype. UAS-HRP::CD2 lines were provided by Dr. Chi-Hon Lee (National Institutes of Health, Bethesda, MD).
Immunocytochemistry
The brains of larvae and the heads of pupal and adult flies were fixed in a solution of 4% formaldehyde [as paraformaldehyde (PFA)] in 0.1 M phosphate buffer (PB) for 4 h or overnight at 4°C. Pupal and adult brains were washed in 0.1 M PB, mounted in 7% agarose, and sliced at 80 -100 m thickness in the horizontal plane by means of a Vibratome. Brains were permeabilized in successive treatments of 0.2% Triton X (Tx) in 0.01 M PBS and 2% PBS-Tx, and were then blocked with 5% normal goat serum (NGS) in 0.2% PBS-Tx. Tissues were incubated overnight at 4°C in antibody diluted in 5% NGS-PBS-Tx. The following primary antibodies were used: 1:50 anti-prospero, MR1A (Spana and Doe, 1995) , 1:50 mouse anti-Chaoptin, 24B10 (Zipursky et al., 1984; Van Vactor et al., 1988) ; 1:50 rat anti-Elav, 7E8A10 (Robinow and White, 1991; Koushika et al., 1996) ; 1:100 mouse anti-cysteine string protein (CSP), 6D6 (Zinsmaier et al., 1994) ; 1:10 anti-Fasciclin II (FasII), 1D4 (Grenningloh et al., 1991) ; 1:20 or 1:50 nc82 [anti-Bruchpilot Wagh et al., 2006) ] and 1:50 anti-␤-gal, 40-1a, all from Developmental Studies Hybridoma Bank; 1:500 rabbit anti-Repo (Campbell et al., 1994; Halter et al., 1995) ; 1:400 guinea pig anti-brain specific homeobox (BSH) (Jones and McGinnis, 1993) ; 1:100 mouse anti-BOSS (Cagan et al., 1992) , 1:1000 rabbit anti-green fluorescent protein (GFP) (Invitrogen), and 1:100 rabbit anti-␤-gal (Molecular Probes). The immunogen against which each antibody was raised and information on the characterization of antibody specificity are both given in supplemental Table 1 (available at www.jneurosci.org as supplemental material). After six washes in 0.2% PBS-Tx, we used one of the following single or combined secondary antibodies in 5% NGS: FITC goat anti-mouse, Cy5 goat anti-rabbit, Cy3 goat anti-rat, Cy3 goat anti-mouse, Cy3 goat anti-rabbit, Cy3 goat antiguinea pig (all from Jackson ImmunoResearch); and Alexa 488 goat anti-mouse or Alexa 488 goat anti-rabbit (Invitrogen) at a concentration of either 1:200 or 1:400, and washed at least six times in PBS before being mounted in Vectashield medium (Vector Laboratories). Images were captured for confocal microscopy with either an LSM 410 or 510 instrument (Zeiss). Images were edited for publication with Adobe Photoshop CS2.
Electron microscopy and histology
The heads of adult flies were removed and bisected in a cacodylatebuffered PFA and glutaraldehyde fixative, and processed for EM, as previously described (Meinertzhagen and O'Neil, 1991) . To examine retinas, tissue embedded in PolyBed 812 (catalog #08792-1; Polysciences) was sectioned at 1.0 m and stained with a 1% toluidine blue, 1% borate solution at 60°C, rinsed with H 2 O, and then examined by light microscopy (Zeiss Axiophot) using a 40ϫ/0.75 Plan Neofluar objective. Images were captured with a Zeiss AxioCam MRc 5 camera and Zeiss AxioVision imaging software. For EM, 60 nm sections of the optic lobe were collected, stained in uranyl acetate and lead citrate, and then examined and compared with sections from similarly prepared wild-type lamina and medulla tissue.
To examine photoreceptor axons in the medulla, MT14-GAL4 and GMR-GAL4 with or without UAS-runt were crossed to the UAS-HRP::CD2 reporter line to drive expression of horseradish peroxidase (HRP) at the plasma membrane (Larsen et al., 2003) . Sites of HRP expression were confirmed from an electron-dense precipitate formed in the presence of 3,3Ј-diaminobenzidine (DAB) (Graham and Karnovsky, 1966; Larsen et al., 2003) . Heads were fixed on ice in 4% PFA and 0.5% glutaraldehyde in 0.1 M PB. For increased penetration of DAB, brains were either dissected out during fixation or after fixation heads were sliced at 100 m using a Vibratome. After two washes in PB, brains were treated for 20 min with fresh 1% sodium borohydride in 0.01 M PBS followed by four washes in 0.01 M PBS. DAB solution was prepared from tablets (catalog #D5905: Sigma-Aldrich) at a concentration of 0.2-0.5 mg/ml with 6 mg/ml nickel ammonium sulfate in 0.01 M Tris-buffered saline, pH 7.6. Brains were incubated in filtered DAB solution at least 30 min before adding 0.03% H 2 O 2 at a final concentration of 3-6 ϫ 10 Ϫ6 v/v. Incubation times in reactive DAB varied up to 1 h, after which brains were washed three times in TBS and postfixed in 0.5% osmium tetroxide (catalog #19150; Electron Microscopy Sciences) in veronal acetate buffer for 30 min, dehydrated, embedded in PolyBed 812, and sectioned as before. Sections were viewed at 80 kV in a Philips Tecnai 12 electron microscope.
Measurements and analysis were performed with software (NIH ImageJ). Per fly, at least 80 profiles of capitate projections were measured that contained the diameter of the capitate projection head, with the membranes of the photoreceptor and glial membranes clearly delineated and the glial core clearly visible. Measurements were made from at least two flies of each representative genotype, except for those from the R7 and R8 terminals in wild-type medulla, which were measured through the depth of three columns from a single fly.
Results
Drosophila mutants provide many examples of aberrant photoreceptor pathfinding. Photoreceptor axons often bypass their target neuropile if (1) they are unable to detect their target, (2) the target fails to form correctly and/or provide "stop" signals to ingrowing photoreceptors, or (3) because they are unable to defasciculate from pioneering axons when traversing the target neuropile (Mast et al., 2006) . Photoreceptors growing into the lamina release two signals, Hedgehog and the EGF (epidermal growth factor)-like ligand Spitz, that result in the final mitotic division and differentiation of lamina neurons (Selleck et al., 1992; Kunes, 1996, 1998; Kunes, 1996, 1998; . Given that R1-R6 normally terminate in the lamina, we first wondered whether R1-R6 axons were required to terminate there to enable their correct synaptic partners to continue to differentiate, or whether their target neurons would develop normally even when the R1-R6 photoreceptor axons bypass them to terminate in the medulla.
Lamina neurons maintain their fates even when R1-R6 photoreceptors mistarget to the medulla As previously shown (Kaminker et al., 2002) , axons of R1-R6 photoreceptors that express the transcription factor runt bypass the lamina and establish terminals in the underlying medulla that persist into adulthood. We used the yeast GAL4/UAS system to drive exogenous expression of runt in subsets of photoreceptors, resulting in aberrant axonal pathfinding and, ultimately, incorrect synaptic targeting. Immunocytochemical analysis of nuclear Elav reveals that when R1-R6 photoreceptor axons mistarget to the medulla, lamina monopolar neurons are nevertheless induced to form, and that these then persist into adulthood ( Fig.  1 A-F ) . To identify the structure and location of cells in the optic lobe relative to the mistargeted R1-R6 axons, we used various markers to analyze successive developmental stages, from the third-instar larva to the adult.
In wild-type larvae, the R1-R6 axons terminate in the lamina plexus, between layers of epithelial and marginal glia (Poeck et al., 2001) , whereas runt-expressing R7-R8 axons terminate in the medulla (Fig. 1 A) . When Runt is overexpressed in all photoreceptors using the GMR-GAL4 driver, many photoreceptor axons bypass the lamina and terminate in the medulla (Kaminker et al., 2002) (Fig. 1 B) . This transformation in R1-R6 axon trajectories enables us to examine the effects of mistargeting axons to new synaptic partners.
In the wild-type pupa (Fig. 1C) , R1-R6 growth cones form a distinct lamina plexus between layers of lamina glia and below the Elav-immunoreactive nuclei of lamina monopolar neurons (L1-L5) (Robinow and White, 1991) . In developing GMR-GAL4/ UAS-runt flies, the lamina plexus is absent. Occasionally, the medulla fails to rotate to its normal position, with columns lying parallel to the retinal cornea, as demonstrated in a Pϩ40% pupa (Fig. 1 D) , and in many cases the axons innervating the medulla completely fail to rotate by adult eclosion (data not shown). Despite the failure of the medulla to rotate, and the absence of a clear lamina plexus, neuronal nuclei, presumed to be those of L1-L5, are compressed between en passant photoreceptor axons. In both adult OR and Runt-overexpressing flies, we can distinguish layers of glia and monopolar cells in the lamina cortex ( Fig. 1 E, F ) .
Runt overexpression also affects the structure of the retina in the second half of pupal metamorphosis. At Pϩ40%, ϳ48 h into metamorphosis, the developing retina looks relatively normal in horizontal sections (Fig. 1 D) . By Pϩ60%, it is apparent that the ommatidia have failed to elongate (data not shown); some ommatidia remain in a proximal location, whereas others appear to rise above their neighbors so that by eclosion the eyes are severely disrupted. From longitudinal sections of the adult retina (Fig. 1 F) and observation of the surface of the eye, the retina is smaller than that of wild type and lacks distinct facets. This reduction in eye size may be responsible for the apparent reduction in the size of the lamina, given that the number of ommatidia in the fly's eye corresponds to the number of cartridges in the lamina (Braitenberg, 1967) .
Expression of lamina monopolar cell-specific proteins, such as BSH in L5 (Poeck et al., 2001) and FasII in L1 and L3, reveals that these protein markers continue to be expressed despite the mistargeting of photoreceptors (Fig. 1G-J ) . Their expression suggests that cell fate is properly established and maintained in at least three subtypes of monopolar cells and possibly others. In mutant flies, the arrangement of proximally located BSH-labeled L5 neurons is disordered and there appear to be fewer cells overall, presumably because of a reduction in lamina size. FasII expression is also maintained in L1 and L3 at least up to Pϩ60% pupal development ( Fig. 1 I, J ), after which time protein expression is downregulated (Hiesinger et al., 1999) . Although expression of neuron-specific markers Elav, Dachshund (Mardon et al., 1994; Huang and Kunes, 1996) , and BSH has been reported in the lamina cells of pathfinding mutants (Hing et al., 1999; Kaminker et al., 2002; Choe et al., 2006) , such expression has previously been examined shortly after lamina cell differentiation, in the third-instar larva. Here, we report evidence that the fates of these neurons are maintained through development and that the cells persist in the adult lamina.
Photoreceptors in the retinas of runt overexpression flies adopt alternative fates
Cross-sectioned ommatidia in semithin sections of UAS-runt/ϩ; MT14-GAL4/ϩ retinas clearly reveal that after Runt overexpression ommatidia occasionally have a normal complement of eight photoreceptor neurons. As seen in the wild-type fly, the large rhabdomeres of photoreceptors R1-R6 form an outer trapezoidal pattern, which surrounds a smaller centrally located rhabdomere, R7 in the distal retina ( Fig. 2 A) or R8 in the proximal retina (Fig. 2 B) . Unlike a previous report by Kaminker et al. (2002) , however, our findings revealed frequent aberrations (Ͼ82% of ommatidia; N ϭ 435) in photoreceptor structure on UAS-runt/ϩ; MT14-GAL4/ϩ overexpression. In runt overexpression flies (Fig. 2C,D) , any number or combination of R1-R6 photoreceptors were aberrant, from one to four per ommatidium. Their rhabdomeres were smaller in diameter and located within the circumference of neighboring R1-R6 rhabdomeres. Rhabdomeres were clearly of one size or another, clearly discriminable and without intermediates. The aberrations are not confined to R2 and R5, the outer photoreceptors in which MT14-GAL4 was previously reported (Kaminker et al., 2002) to drive expression ( Fig.  2C ) but are most frequently observed in R1, R3, R4, and R6. Our observations from UAS-mCD8::GFP/ϩ;;MT14-gal4/ϩ flies indicate that on average four photoreceptors per ommatidium in the larval eye disc have MT14 driver expression. These include prosperoimmunolabeled R7 cells (Fig. 3D ) and BOSS-immunolabeled R8 cells (Fig. 3I) . Small diameter rhabdomeres are characteristic of R7 and R8 cells, both of which express runt during normal development (Kaminker et al., 2002) , leading us to investigate further whether these R1-R6 photoreceptors with smaller rhabdomeres had other alternate photoreceptor characteristics.
To determine whether R1-R6 photoreceptors with transformed rhabdomeres maintained their other characteristic features, we examined Rhodopsin1 (Rh1) driver activity in UASrunt/Rh1-lacZ; MT14-GAL4/ϩ eyes. Rh1, encoded by the gene ninaE, is the light-absorbing opsin of R1-R6 photoreceptors (O'Tousa et al., 1985) and is expressed late in development after photoreceptor cell fate is fully established. In Rh1-lacZ flies, the Rh1 promoter drives expression of exogenous lacZ, the protein product of which, ␤-gal, is detectable by immunocytochemistry. Rh1 can therefore be used to distinguish R1-R6 from the R7 and R8 photoreceptors, which express different opsins. In the eyes of UAS-runt/Rh1-lacZ; MT14-GAL4/ϩ flies, we identified three outcomes to this labeling: (1) R1-R6 rhabdomeres are large and all cells express Rh1-driven ␤-gal (Fig. 2 E) , as in wild type; (2) a small rhabdomere forms in a cell body that has no ␤-gal expression ( Fig. 2 F) ; or (3) a small rhabdomere forms but its cell body continues to express Rh1-driven ␤-gal (Fig. 2G ). Of the photoreceptors with smaller rhabdomeres, most (93%; N ϭ 28) are from cell bodies that failed to express ␤-gal and had thus undergone transformation to an alternative photoreceptor cell fate.
Once these findings had clearly shown that photoreceptor fate was indeed altered, it was imperative to determine whether photoreceptors R1-R6 were transformed to R7 or to R8, for which reason we next sought markers for these specific photoreceptor subtypes. R7 and R8 have different peaks of spectral sensitivity (Hardie and Kirschfeld, 1983) . Each photoreceptor type is divided into subclasses depending on the exact Rhodopsin expressed (Morante and Desplan, 2004) . There are two subtypes of R8 cell, one that expresses Rh5 (Chou et al., 1996; Papatsenko et al., 1997) and absorbs light with wavelengths in the blue region of the spectrum, and the other that expresses Rh6 and absorbs in the green (Townson et al., 1998; Salcedo et al., 1999) . R7 cells also have two subtypes with opsins Rh3 (Fryxell and Meyerowitz, 1987; Zuker et al., 1987) and Rh4 , both of which absorb light in the UV.
In UAS-runt/ϩ; MT14-GAL4/Rh3-lacZ flies, ␤-gal is immunolocalized to a subset of R7 (Fig. 3A ) cells as well as to a subset of small transformed outer rhabdomeres ( Fig. 3 B, C) . In 37 ommatidia examined, 35 transformed rhabdomeres were identified of which 66% were immunoreactive for Rh3-driven ␤-gal expression, with 33% expressing an unknown opsin (Fig. 3C ). In UASrunt/ϩ; MT14-GAL4/Rh6-lacZ flies, ␤-gal is immunolocalized to a small subset of central R8 photoreceptors (Fig. 3 F, G) , which in ceptors overexpress Runt, most axons terminate in the medulla. C, In the wild-type pupa, R1-R6 axons terminate at the lamina plexus (LP), above which lie columns of Elav-positive nuclei of lamina neurons (L1-L5). D, Occasionally, the medulla of GMR-GAL4/UAS-runt flies fails to rotate to lie parallel to the retina, as seen here at Pϩ40%. Elav-expressing nuclei, probably those of L1-L5 (between arrows), lie compressed between en passant photoreceptor axons. In adult GMR-GMR4/UAS-runt flies (F ), the retina (R) is severely disrupted. E, Cell bodies of neurons are located between layers of glia in the wild-type lamina cortex. F, Although the lamina of GMR-GAL4/UAS-runt flies is highly condensed, lamina neurons survive into adulthood and are appropriately located beneath the basement membrane of the compound eye. G, H, BSHimmunoreactive nuclei of L5 neurons (magenta) are located just distal to photoreceptor axon terminals (Chaoptin; green) in the lamina of both OR (G) and GMR-GAL4/UAS-runt (H ) flies. I, J, FasII-immunoreactive L1 and L3 monopolar neurons expand in the lamina as well as in the M1, M5 (L1), and M3 (L3) layers of the medulla, as demonstrated in the wild-type Pϩ60% pupa (I ). In GMR-GAL4/UAS-runt flies (J ), L1 and L3 continue to express FasII and extend their axons into the medulla to terminate in the appropriate layers. Scale bars: A-F, I, J, 10 m; G, H, 5 m. a wild-type ommatidium extend their cell body between R1 and R2. Additional Rh6-lacZ expression was associated with small transformed outer rhabdomeres (Fig. 3G) . We crossed Rh4-lacZ and Rh5-lacZ into a UAS-runt; MT14-GAL4 background but found expression of neither of these opsins in transformed outer rhabdomeres (data not shown). LacZ expression was virtually eliminated in UAS-runt; MT14-GAL4/ Rh5-lacZ eyes (data not shown). This loss was unexpected considering that many central R8 photoreceptors in UAS-runt/ϩ; MT14-GAL4/Rh6-lacZ do not have Rh6-lacZ expression (Fig. 3H ) . It is unknown what opsin these R8 photoreceptors express.
Despite the presence of excess R7 and R8 photoreceptors in the adult, Prospero and BOSS immunolabeling of larval eye discs did not reveal excess R7 (Fig. 3 D, (Fig. 3 D, I ) eye disc, similar to the findings of Kaminker et al. (2002) . The lack of excess R8 photoreceptors in the eye disc is not surprising given that BOSS expression precedes MT14-GAL4-driven UAS-mCD8::GFP expression in the larval eye disc (data not shown), and thus would also precede runt overexpression using this driver line.
Effects of Runt overexpression on R7
and R8 photoreceptor terminals R7 and R8, the two central photoreceptors of the ommatidium, have axons that terminate in two distinct layers of the medulla, R8 in the distal stratum M3, and R7 deeper, in stratum M6 (Fischbach and Dittrich, 1989 ). There, processing of the different spectral inputs from each type of terminal is presumed to occur in stratumspecific circuits (Morante and Desplan, 2004) . We initially used photoreceptorspecific Chaoptin immunolabeling to visualize terminals in the medulla, making it impossible to determine the individual contributions from R7, R8, or ectopic R1-R6 photoreceptor terminals, which thus required us to use photoreceptor subtypespecific markers.
Before attempting EM analysis of the medulla, we examined the structure of R7 and R8 terminals in mutant flies at the light microscope level. R8 terminals were visualized using Rh5-lacZ and Rh6-lacZ, in GMR-GAL4,UAS-runt/ϩ and UAS-runt; MT14-GAL4 (data not shown) flies. These lacZ lines clearly labeled distinct subsets of wild-type R8, both of which are swollen in two locations in the medulla, distally, just above M1, and at their enlarged terminals in stratum M3, as shown here for Rh6-lacZ (Fig. 4 A, B) . GMR-GAL4-driven overexpression of runt (Fig.  4C,D) resulted in more slender Rh6-lacZ-expressing R8 terminals, some of which bypassed M3 to terminate deeper at M6 (Fig.   4 D) . Rh6-expressing R8 terminals have a disorganized appearance in GMR-GAL4,UAS-runt (Fig. 4C ) medullas when compared with wild-type (Fig. 4 A) terminals visualized in a ϳ40 m depth of tissue. In GMR-GAL4,UAS-runt/CyO; Rh5-lacZ/ϩ flies, as was previously noted in the eye, Rh5-driven ␤-gal expression is almost completely lost, with only two R8 terminals detected in the 12 brains that were analyzed (data not shown).
To examine R7 terminals after runt overexpression, the Rh3-lacZ and Rh4-lacZ lines were used. As seen in Rh3-lacZexpressing flies, wild-type R7 axons expanded in the M6 layer of the medulla where they terminated (Fig. 4 F) , behavior that was replicated in the Runt overexpression flies (Fig. 4 H) , yet not all R7 axons were successful in extending and maintaining terminals down into the M6 layer of the adult medulla. Furthermore, in runt overexpression flies, R7 terminals were more numerous (Fig. 4G ) than in the wild type (Fig. 4 E) but do not appear to (A, B) have photoreceptor rhabdomes arranged in a trapezoid (white boxes in all) with larger R1-R6 rhabdomes (1-6) located external to a small centrally located rhabdomere of R7 (7, distal; A) or R8 (8, proximal; B). In Runt-overexpressing flies (C, D), some ommatidia contain the normal arrangement of rhabdomes, but most ommatidia contain at least one transformed small and centrally located rhabdomere (arrows). Although MT14-GAL4 is reported to drive expression in R2, R5, and R8, the transformed rhabdomeres rarely correspond to R2 or R5 (black arrows). Instead, most transformed photoreceptors are from a combination of R1, R3, R4, or R6 (white arrows), and up to four photoreceptors per ommatium are transformed (C, black box). E-G, In the eye of UAS-runt/Rh1-lacZ; MT14-GAL4/ϩ flies, R1-R6 cells are identified with ␤-gal immunolabeling (magenta). In wildtype ommatidia (E), all R1-R6 photoreceptor cell bodies express ␤-gal. When photoreceptors, visible from their rhabdomeres (green, autofluorescence), are transformed (F, G, arrows), the cell bodies of most do not express ␤-gal (F, arrowhead); very few transformed R1-R6 rhabdomeres neighbor a Rh1-driven ␤-gal-expressing cell body (G). Scale bars: A-D, 10 m; E-G, 5 m.
cluster into the "blebs" characteristic of Rh1-lacZ-expressing terminals in the medulla of mutant flies (Fig. 5B) . In Rh4-lacZ/GMR-GAL4,UAS-runt flies, there is a reduction in Rh4-lacZ-expressing terminals, which would normally constitute 70% of wild-type R7 cells (Franceschini et al., 1981) . Rh4-lacZ expression was limited to the anterior region of the eye and thus to terminals in the posterior medulla when a strong GAL4 driver is used, such as in Rh4-lacZ/ GMR-GAL4, UAS-runt, but was more widely expressed in Rh4/lacZ/ UAS-runt; MT14-GAL4/ϩ flies (data not shown).
Medulla terminals of mistargeted R1-R6 photoreceptors express synapse-associated proteins
To recognize ectopic terminals in the adult medulla, we used the Rh1-lacZ expression construct in flies with both UAS-runt and MT14-GAL4, in a similar strategy as that for R7 and R8, above. In the phenotypically wild-type lamina (Fig. 5A ), R1-R6 axons converge on a cartridge and each swells to form a cylindrical synaptic terminal running the depth of the lamina. In UAS-runt/Rh1-lacZ; MT14-GAL4/ϩ flies, some R1-R6 photoreceptors maintain the appropriate Rh1 driver expression yet terminate ectopically in the medulla. When the axons from R1-R6 extend to the medulla their terminals fail to form elongated cylindrical structures, as they do in the lamina. Instead, swelling is intermittent, occurring at different levels within the medulla so as to form blebs along the length of the axons (Fig. 5B) . Axons extended into the medulla in bundles, but we were not able to discern whether these blebs represented multiple swellings along the length of a single axon or the terminal swellings of different photoreceptors in a single axon bundle, each of which terminated at a different stratum in the medulla. Moreover, these axonal swellings were not restricted to the M3 and M6 layers, the normal terminal locations of the R8 and R7 photoreceptors.
To determine whether the blebs were sites of synaptic specializations, we used antibodies against known synaptic or synapse-associated proteins. Photoreceptor synaptic zones have distinct specializations that include many synaptic vesicles, capitate projections, and synaptic T-bar ribbons that comprise a pedestal, anchoring proteins and a surmounting platform (Prokop and Meinertzhagen, 2006) . Synaptic vesicles were recognized by their association with CSP (Zinsmaier et al., 1990) , which is involved in Ca 2ϩ -dependent exocytosis (Zinsmaier et al., 1990; Chamberlain and Burgoyne, 2000; Evans et al., 2003) . CSP immunolabeling is localized to all areas of synaptic release, including the R1-R6 photoreceptor terminals in the lamina of wild-type flies (Fig.  5C ). In runt overexpression mutants, CSP continued to be expressed in the lamina and medulla (Fig. 5D) , and overlapped Rh1-driven ␤-gal around the profile perimeters of photoreceptors in the lamina (Fig. 5G ) and ectopic photoreceptor terminal blebs in the medulla (Fig.  5H ) . The overlap suggests that these blebs contained synaptic vesicles and were thus candidate sites for synapses. Presynaptic sites also contain Bruchpilot, a coiled-coil domain protein localized to the active zone of neuromuscular junctions and the optic neuropiles (Fig. 5E ) by the antibody nc82 . In UAS-runt/Rh1-lacZ; MT14-GAL4/ϩ flies, nc82 colocalized with ␤-gal expression (Fig. 5F ) to photoreceptors in the lamina (Fig.  5I ) and to terminals of ectopic R1-R6 photoreceptors in the medulla (Fig. 5J ) . This colocalization suggests that these terminals contained the T-bar ribbons at which synaptic release occurs.
We wanted to determine whether an individual Runt- Figure 3 . Transformed R1-R6 photoreceptors express Rh3 and Rh6. In UAS-runt/ϩ; MT14-GAL4/Rh3-lacZ flies (A-C), ␤-gal expression is localized to R7 photoreceptors. In a wild-type ommatidium, ␤-gal expression was limited to the cell body of the R7 photoreceptor, which has a small centrally located rhabdomere (A). In ommatidia with an excess of small rhabdomeres, ␤-gal is immunolocalized to a subset of cells with small rhabdomeres, seen here in at the R3 position (arrowheads), independent of whether or not the central R7 also expressed ␤-gal (B, C). Not all transformed photoreceptors expressed Rh3-driven ␤-gal expression (C, arrow). UAS-runt/ϩ; MT14-GAL4/Rh6-lacZ flies (F-H ) expressed ␤-gal in some R8 photoreceptors. In a wild-type ommatidium, the R8 rhabdomere is centrally located and the cell body protrudes between R1 and R2 (F, arrowhead). However, in some mutant ommatidia, outer photoreceptors, such as the one in the R3 position (G, arrowhead), are converted to Rh6-expressing R8 cells. Despite an almost complete lack of Rh5 expression (data not shown), many ommatidia have a central R8 photoreceptor with no Rh6 expression (H ).
MT14-GAL4 drives UAS-mCD8::GFP expression (green) in R7 cells (Prospero; magenta; D, E), and R8 cells (BOSS; magenta; I, J ); however, no excess of Prospero-expressing R7 nuclei (E) or BOSS-expressing R8 nuclei (J ) are detected in the larval eye disc of UAS-mCD8::GFP;UAS-runt;MT14-GAL4 flies (E) when compared with the wild-type eye discs (D, I ). Scale bars: (in A) A-C; (in D) D, E, I, J; (in F ) F-H, 5 m.
overexpressing photoreceptor was capable of swelling and expressing synaptic proteins in both the lamina and medulla.
To do this, we used a MARCM-style approach to label individual photoreceptors, which expressed both UAS-runt and
UAS-mCD8::GFP under control of the GMR-GAL4 driver. Horizontal slices of adult hsFLP/UAS-mCD8::GFP; NeoFRT40A actin-GAL80/NeoFRT40A, GMR-GAL4, UAS-runt fly heads colabeled with antibodies against GFP and Bruchpilot (nc82)
revealed that most GFP-expressing photoreceptor axons expanded and terminated either in the lamina (Fig. 5 L, N ) , or alternatively bypassed the lamina (Fig. 5M ) to expand and terminate in the medulla. Furthermore, the photoreceptor phenotypes that characterize cell fate transformation after Runt overexpression using either GMR-GAL4 (Fig. 1 F) or MT14-GAL4 (Fig. 2 ) drivers, were not observed in GFP-expressing cells in the MARCM eye. So, R1-R6 MARCM photoreceptors expressing GFP, and thus also overexpressing Runt under control of GMR-GAL4, had large rhabdomeres characteristic of wild-type R1-R6 (Fig. 5K ). Many Runt, GFP-overexpressing cells were found in the retina. Of all ommatidia (N ϭ 302), 53% contained either an R7 or R8 cell expressing GFP. Some of these could also contain R8 or R7, but because they are tiered these could not be seen in a single section; most sections were cut at the R7 level. Twenty-four percent of all R1-R6 cells (N ϭ 1830) were labeled. These relatively large numbers of cells made it difficult to discern the axons of individual cells, isolated from those of their neighbors.
Some axons (less than two per brain) appeared to expand in both the lamina and medulla (Fig. 5O,P) . Clear images of these required considerable searching. Unlike wild-type R7 or R8 axons, which do not expand in the lamina (Fig. 5I ) , these axons were enlarged in both the lamina (Fig. 5OЈ,PЈ) and medulla, shown terminating in the distal medulla near M3 (Fig. 5OЉ,PЉ) . These axons were wider along their entire length than those of wild-type R7 or R8 cells, and also had atypical expansions in the chiasm (Fig. 5O) . It is not known whether these are single or multiple, bundled axons; the fact that the labeled profile terminated in only a single medulla stratum (M3) suggested that it was not the bundled axons of both R7 and R8. Furthermore, because R1-R6 rhabdomeres were not transformed to have smaller rhabdomeres like those of R7-R8, suggested that any individual ommatidium does not project a bundled pair of R8 axons to the medulla that terminates in M3. Together, these considerations suggest that the occasional large axons may be from single photoreceptors: either an R8 cell that expands abnormally in the lamina or an R1-R6 cell that terminates ectopically in the medulla. The phenotype after MARCM-style Runt overexpression is considerably less severe than that observed after Runt overexpression alone, because it lacks photoreceptor cell fate transformations and has fewer axon termination errors.
R1-R6 photoreceptors continue to form synapses in the lamina
To interpret the lamina phenotype that results when Runt is expressed in R1-R6 first requires explanation of the normal axon trajectories of R1-R6 in the adult lamina. In the wild-type lamina, axon bundles from each ommatidium innervate the lamina cortex, and the six photoreceptor axons from R1-R6 then diverge from their bundle and sort into different cartridges (TrujilloCenó z, 1965; Braitenberg, 1967) , according to the principle of neuronal superposition (Braitenberg, 1967; Kirschfeld, 1967) . Each lamina cartridge is thus a module comprising these six R1-R6 terminals and the fixed group of lamina cells they innervate (Fig. 6 A) . Along the axis of the cartridge the axons of two lamina cells, L1 and L2, extend dendrites that embrace the terminals of R1-R6 and with other lamina cells form tetrad synapses (Fig. 6C-F ) (Meinertzhagen and O'Neil, 1991) . These are sites of release of the photoreceptor neurotransmitter, histamine (Hardie, 1987) . Unlike R1-R6, the axons of R7 and R8 extend alongside the cartridge without synaptic engagement.
Flies with exogenous Runt expression in R1-R6 have disordered lamina cartridges but still display features characteristic of wild-type photoreceptor terminals. The laminas of both GMR-GAL4 (data not shown) and MT14-GAL4-driven UAS-runt flies are highly disorganized (Fig. 6 B) . Photoreceptor profiles bundle with the axons of lamina neurons and are surrounded by epithelial glia to form a disordered association. Such aberrant cartridges contain the expanded synaptic profiles typical of R1-R6 terminals but are formed by axons that in fact may neither sort into cartridges nor even terminate in the lamina. Other axon profiles are possibly R1-R6 axons that, like the normal profiles of R7 and R8, also bypass the lamina without forming synapses at that particular level. They may also be axons from R1-R6 cells that have transformed into supernumerary R7 and R8 cells. Expanded pho- (R8; A-D) . For A, C, E, G, images of axon terminals were captured from a 41 m depth of tissue. In the wild-type medulla, all Rh6-lacZ-expressing axons terminate in the M3 layer of the medulla (A) and have synaptic expansions at their terminal ends (B). After ectopic Runt expression in GMR-GAL4, UAS-runt/ϩ; Rh6-lacZ/ϩ R8 axons in the medulla are less organized (C). There did not appear to be a change in the overall number of axons (C); however, terminals appeared narrower and some extended erroneously into M6 (D, arrow). E-H, Rh3-lacZ-expressing axons terminate and expand in the M6 layer of the medulla (E, F ) . G, H, After ectopic Runt expression, there are many more Rh3-lacZ-expressing R7 terminals (G), and although the shape of correctly targeting terminals is maintained, some R7 axons terminate short of M6 (H, arrow). toreceptor profiles in these aberrant cartridges resemble wildtype R1-R6 terminals in containing capitate projections (Trujillo-Cenó z, 1965) , synaptic vesicles, mitochondria, and tetrad synapses (Fig. 6G-I ). Capitate projections are photoreceptor-specific organelles, sites of endocytotic recovery of synaptic vesicle membrane and also proposed sites for localized histamine recycling (Fabian-Fine et al., 2003) . The presence of this suite of organelles suggests that these terminals possess the means for synaptic release, whereas the presence of mitochondria suggests that they are energetically equipped to do so (Gó rska- Andrzejak et al., 2003) .
Our findings from mutant lamina ultrastructure also reveal that in UAS-runt/ϩ; MT4-GAL4/ϩ flies, the axons of R1-R6 photoreceptors continued to form reciprocal synaptic inputs with lamina neurons, most probably with their normal targets in that neuropile. Feedback synapses onto R1-R6 are found in the distal lamina, although we have not identified the profiles presynaptic to these mutant photoreceptors (Fig. 6 J) . In the wild type, most synaptic feedback comes from amacrine cells, with fewer contributions from L2 and L4 in the distal lamina (Meinertzhagen and O'Neil, 1991) .
Supernumerary photoreceptors form synapses in the medulla
When GMR-GAL4 is crossed into the UAS-HRP::CD2 reporter construct, the axons of all photoreceptor neurons can be identified in electron micrographs. In UAS-HRP::CD2-expressing flies, HRP is localized to the membranes of cells and can be visualized in EM from the formation of an electron-dense precipitate after incubation with DAB and H 2 O 2 (Larsen et al., 2003) . In the wildtype Drosophila lamina, the slender axons of R7 and R8 extend alongside the cartridge of their retinal R1-R6 neighbors (Fig. 7A) . They penetrate the lamina and innervate the medulla, where in (D, H ) . E, F, I, J, The T-bar ribbon-associated protein Bruchpilot is immunolocalized to presynaptic sites with the antibody nc82 (green), and was detected in the lamina of both Rh1-lacZ flies (E) and mutant (F, I ) flies, as well as in ectopic R1-R6 terminals (magenta, white) in the medulla (F, J, arrow). In the hsFLP/UAS-mCD8::GFP; NeoFRT40A actin-GAL80/NeoFRT40A, GMR-GAL4, UAS-runt (MARCM) visual system (K-P) subsets of Runt overexpressing photoreceptors (green cells in K ) and their axons (projection images from confocal stacks in L-P) are labeled by mCD8::GFP (green), and the neuropils are colabeled with nc82 (magenta). In the lamina (L-N ), most photoreceptor axons have a structure resembling that of wild-type R1-R6 terminals (L), are through-going like wild-type R7-R8 axons (M, arrow), or have an abnormal terminal with varicosities (arrows) along its length (N ). Occasional photoreceptor axons appear to form synaptic swellings in both optic neuropils (O, P). These axons expand in both the lamina (enlarged in O, P) and medulla (enlarged in O؆, P؆), and occasionally along the axon during its passage in the chiasma (O, arrow). Scale bars: A-F, 10 m;
the distal strata, beneath M1, their profiles were normally small and unexpanded (Fig.  7B ). Exposure to DAB/H 2 O 2 revealed large terminals with electron-dense membrane in the distal medulla of both GMR-GAL4/ UAS-runt; UAS-HRP::CD2/ϩ (data not shown) and UAS-HRP::CD2/UAS-runt; MT14-GAL4/ϩ flies (Fig. 7C) . These photoreceptor axons tended to cluster in groups and form terminal swellings (Fig.  7D) . Counts of photoreceptor terminal profiles from the medullas of two flies indicate variation in the number of photoreceptors terminals per column. The number of terminals per cluster ranged from 3 to 8, with an average of 4.77 terminals per column (N ϭ 13 columns), more than the normal 2 profiles (R7 and R8).
Supernumerary photoreceptor terminals in the medulla contained many of the features characteristic of wild-type R1-R6 photoreceptor terminals in the lamina. These included the mitochondria, vesicles, presynaptic T-bar ribbons and, most notably, capitate projections. The hyperinnervation of the medulla that results from supernumerary R7 photoreceptors and ectopically projecting R1-R6 photoreceptor axons appeared to be fully supported by the medulla target cells, which imposed no clear restriction to the formation of novel photoreceptor synapses. We analyzed nine columns with supernumerary photoreceptor clusters through a depth of 120 -360 nm. Of these, at least eight columns had synapses in three distinct photoreceptor terminals, indicating that a column can support more photoreceptors than those two terminals (R7, R8) normally present in a wild-type medulla column. Furthermore, in four of nine columns, 100% of the supernumerary terminals contained synapses, sometimes with up to eight photoreceptor terminals forming input synapses to a column.
Although supernumerary photoreceptors in the medulla were able to form synapses complete with a T-bar ribbon, what was perhaps most striking was the number of postsynaptic partners at some release sites. Tetrads were readily detected in the medulla (Fig. 7J-M ) , just as R1-R6 would normally form in the lamina. The normal synapses of wild-type R7 (Fig. 7E-I ) and R8 terminals, in contrast, can form tetrads but are mostly triads, with three postsynaptic partners (Takemura et al., 2008) . For synapse counts in supernumerary terminals, a 350 nm depth of tissue was examined for seven columns each of which contained more than four photoreceptor terminals. We identified 35 synapses, 22 of which were tetrads. Of synapses that could be traced through their depth, 2 of 25 were triads, and 1 of 25 was a dyad. Of those which could not be traced entirely through their depth, 9 of 10 were at least triads and the remaining synapse was at least a dyad. These numbers probably reflect incomplete tracing rather than incomplete tetrads, and their proportions compare with those found in R1-R6 in the wild-type lamina [unpublished analyses of data reported by Meinertzhagen and Sorra (2001) ]. Numerical conservation of the postsynaptic ensemble suggests that this tetrad organization is determined cell autonomously by the R1-R6 photoreceptors. In the lamina, the tetrad incorporates a blend of postsynaptic elements from lamina neurons L1, L2, L3, amacrine cells, and epithelial glia (Meinertzhagen and O'Neil, 1991) . Although the postsynaptic partners at the ectopic R1-R6 are not known, the distal medulla does contain axon terminals from the normal lamina constituents of the tetrad, L1-L3 (Fischbach and Dittrich, 1989) . It is therefore possible that R1-R6 may synapse in the medulla as they would do in the lamina, with any combination of these three cells, but without the usual lamina amacrine and epithelial glial cells, and A cartridge contains photoreceptor terminals (green) that originate from R1-R6 in neighboring ommatidia, which innervate five lamina neurons (L1-L5) including the axons of L1 and L2 (L) that lie at the core of the cartridge. All profiles are enveloped by a sheath of three epithelial glia (blue); additional details are in the study by Meinertzhagen and O'Neil (1991) . Axons from R7 and R8 (R7/8, green), which terminate in the medulla, extend along the outside of the cartridge but are not synaptic in the lamina. only if such synapses form distal to stratum M2, where the axon of monopolar cell L2 normally terminates. Given that the second expansion of the terminal of L1 lies in stratum M5 of the medulla, whereas ectopic R1-R6 photoreceptors extend as deep as M6 (Fig. 5B) , any synapses formed by ectopic R1-R6 photoreceptor terminals in stratum M6 must likewise be formed with novel partners. We conclude that many synapses formed by ectopic R1-R6 terminals provide inputs to at least some novel target neurons that are of medulla origin.
Even in the absence of DAB labeling in the medulla, supernumerary photoreceptor terminals were obvious, revealed by the presence of capitate projections. These had a spherical head, the shape and size (175 Ϯ 27 nm) (Fig. 7O ) of which did not differ significantly ( p ϭ 0.49 in a two-tailed t test) from their counterparts in lamina terminals of R1-R6 (192 Ϯ 20 nm) (Fig. 7P) . Those of photoreceptor terminals in the lamina or medulla of UAS-runt/ϩ; MT14-GAL4/ϩ flies likewise did not differ significantly in size ( p ϭ 0.34 for the medulla; p ϭ 0.99 for the lamina) from capitate projections in the wild-type lamina (194 Ϯ 15 nm). Wild-type R7 and R8 terminals also received invaginations that resemble capitate projections, and that arose from invaginating medulla glia (95.4 Ϯ 11.8 nm) (Fig. 7N ), but their size and shape in R7 and R8 photoreceptors differed from those at both the mutant lamina and medulla sites. Thus, photoreceptors revealed a conserved synaptic architecture among their capitate projections in the medulla, even in the absence of the epithelial glia of the lamina, and were invaginated instead by surrounding medulla profiles that resembled glia, although lamina and medulla have genetically distinct subsets of glia (Tix et al., 1997) . The invaginating glia may have been the medulla neuropile glia that express ebony and are presumed to regulate the metabolism of normal medulla histamine released from R7 and R8 (Richardt et al., 2002) . From the size similarity of R1-R6 capitate projection heads in the two locations, and the difference between capitate projections in wild-type R7 and R8, we conclude that capitate projection head size is independent of the subtype of glial cell that invaginates the photoreceptor terminal. Rather, the similarity strongly suggests that this feature of organelle architecture is determined by the common element in both, the photoreceptor terminal.
Discussion
Our data support three main findings: first, that when some of the R1-R6 photoreceptors overexpress runt, either these cells or their neighbors can adopt an alternative fate; second, that when genetically misdirected to a foreign neuropile, one which mostly comprises medulla interneurons that are novel targets, Rh1-expressing R1-R6 nevertheless form synapses; and, third, that the presynaptic terminal determines the architecture of its synaptic organelles, including capitate projections, without reference to target neurons.
R1-R6 photoreceptors that overexpress runt often adopt alternative fates
Developing neurons in the brain normally undergo a sequence of interactions with their neighbors that ensures that each neuron acquires a distinct suite of phenotypic features: axon targeting, synaptic partnerships, etc. These features constitute the fate of that neuron in the brain. Overexpressing runt in R1-R6 transforms the suite of features that normally distinguishes these photoreceptors from their neighbors R7 or R8. We define the cells from the positions they adopt in the ommatidium, which are inherited from the pattern of recruitment of cells during ommatidial assembly (Tomlinson and Ready, 1987) . Three subsequent features of differentiation, rhabdomere diameter, opsin type, and axon projection pattern, which are normally selected coordinately, with a fixed association in R1-R6, large rhabdomeres, Rh1 expression, and lamina synaptic terminals, become mixed independently in transformed R1-R6 neurons.
Several examples of switched photoreceptor fates are already known among photoreceptors, with the clearest cases among the two central cells, R7 and R8. These have long been recognized to comprise either pale or a more common yellow subtype (Franceschini et al., 1981) : pale ommatidia containing Rh3 in R7 and Rh5 in R8, and yellow with Rh4 in R7 in combination with Rh6 in R8 (Wernet and Desplan, 2004) . This obligatory pairing arises from a signal originating in R7 (Chou et al., 1996; Papatsenko et al., 1997; Chou et al., 1999) , with warts and melted reciprocally regulating the fate in R8 (Mikeladze-Dvali et al., 2005) . A mutation in either warts (Rh6) or melted (Rh5) changes the opsin expressed in R8, which then fails to coordinate with the overlying R7. In either type, both cells invariably have the same rhabdomere diameter regardless of the opsin expressed. In a second example, R7 and R8 cells both express Rh3 in the dorsal rim area of the compound eye, as specified by the gene homothorax. Ommatidia in the dorsal rim area also undergo a decoupling between rhabdomere size and opsin expression, with the central rhabdomeres being markedly enlarged compared with R7s outside the dorsal rim area (Tomlinson, 2003; Wernet et al., 2003) . Third, photoreceptor classes are distinguished by their opsin expression, which is in turn dependant on homeodomain binding sites in the opsin promoters. Orthodenticle (otd) binds these promoter sequences, and in its absence Rh3 and Rh5 expression are lost. Furthermore, in otd mutants, Rh1 expression expands to R7 and R8, whereas Rh6 expression expands to R1-R6 (Tahayato et al., 2003) . We did not observe expansion of Rh1 into R7 or R8 in runtoverexpressing flies, but Rh3 and Rh6 expression were expanded to R1-R6. In the fourth example, from frontal ommatidia of the so-called love spot in male houseflies, Musca domestica, transformed R7 cells instead of projecting to the medulla terminate in the lamina, where they form a synaptic terminal like that of R1-R6 (Hardie, 1983) . Our findings further exemplify that the genetic regulation of photoreceptor phenotype allows features of R1-R6 to become mixed with those of R7 and R8. An important aspect of our findings is not only that the normal coordinate expression of rhabdomere size, opsin expression, and axon projection in correct combinations is perturbed, but also that the novel combinations of such features are variable. Thus, some R1-R6 with small rhabdomeres still express Rh1, whereas some Rh1-expressing photoreceptors project to the medulla.
It remains to be seen how runt overexpression in the retina causes these changes in photoreceptor cell fate, either in opsin expression, rhabdomeres size, or terminal location. What is known, however, is that Sev expression is limited to photoreceptors R1, R3, R4, R6, and R7 during development (Banerjee et al., 1987; and that in seven-up mutants these photoreceptors are transformed to R7 (Mlodzik et al., 1990) . Thus, it is not surprising that in runt overexpression mutants it is these outer photoreceptors that are most likely to adopt features characteristic of R7 cells, such as small rhabdomeres and Rh3 expression.
For the axons of R1-R6, the transformation after runt overexpression in the eye is variable. The axons resemble those of R7 and R8 in innervating the medulla but at least some may differ in continuing to innervate lamina cells, which R7 and R8 never normally do (Meinertzhagen and O'Neil, 1991) . Whereas some photoreceptor axons expand to form synaptic terminals in the lamina, others may simply form multiple synaptic zones along their length, including along extensions into the medulla. Indeed, precedents exist in other insect visual systems for long visual fiber axons, equivalent to R7 and R8 in the fly, that project to the lamina but nonetheless form synapses en passant with monopolar cells in the lamina, as in the dragonfly Sympetrum (Meinertzhagen and Armett-Kibel, 1982; Armett-Kibel and Meinertzhagen, 1985) .
Supernumerary photoreceptor terminals form ectopic synapses with novel targets in the medulla
Terminals of Rh1-expressing R1-R6 photoreceptors that innervate the medulla form synapses, as exhibited by their expression of the synaptic protein Bruchpilot. In addition, supernumerary photoreceptor terminals in the medulla, which must contain terminals from many transformed R1-R6, form synapses that share many features of the tetrad synapses formed by R1-R6 terminals in the lamina. This is surprising, because at least many of the target neurons must be medulla neurons, which are foreign, and this must certainly be true beyond stratum M5, the deepest termination of L1. Although some target neurons could be the terminals of lamina cells (L1, L2, etc., the normal targets of R1-R6 in the lamina), in the wild type these terminals do not form dendrites (Fischbach and Dittrich, 1989) and are predominantly presynaptic in the medulla (Takemura et al., 2008) . Moreover, medulla cells are simply more numerous than lamina cells (Fischbach and Dittrich, 1989; Meinertzhagen and Sorra, 2001) and extend throughout the entire medulla depth. The participation of lamina amacrine neurons and epithelial glial cells at ec-topic medulla synapses is absolutely denied, because these cells never extend to the medulla. Ectopic synaptogenesis occurs widely in different nervous systems. Neuromuscular innervation readily forms ectopic synapses in vertebrate muscles, for example, reflecting a range of phenomena regulating the size and distribution of synaptic sites (for review, see Lømo, 2003) . Likewise, developing Drosophila motoneurons denied access to their normal muscle targets form stable, ectopic synapses on other muscles (Cash et al., 1992) . In the cricket, sensory afferents from transplanted cerci (abdominal sensory appendages) form functional ectopic synapses on novel interneuron targets (Murphey et al., 1983) . In the vertebrate retina, genetically procured degeneration of rods results in the normal rod bipolar cell targets of these cells accepting ectopic synapses from cones (Peng et al., 2000) , by a process that entails the retraction of rod terminals and neurite outgrowth from rod bipolar cell dendrites (Bayley and Morgans, 2007) . Likewise, loss of cones causes cone bipolar cells to form ectopic synapses with rods, a switch that requires the presynaptic photoreceptors to be functional (Haverkamp et al., 2006) , unlike the fly, in which tetrad synaptogenesis is activity independent (Hiesinger et al., 2006) .
These examples of ectopic synaptogenesis all occur in response to some loss of input or target sites. Our findings now show that when their axons are redirected to a novel territory, sensory neurons such as R1-R6 can nevertheless form synapses with their normal targets, which are still intact, as well as with novel partners in the second territory. The terminals thus act with autonomy in each neuropile. The ability of photoreceptors to form ectopic synapses in foreign neuropiles has also recently been demonstrated for ectopic eyes on the antennae and legs of Drosophila, which extend axons and synapse at superficial locations in the CNS (Clements et al., 2008) . In either case, the ability of such postsynaptic sites to respond to neurotransmitter released from ectopic R1-R6 terminals is of course questionable; we would predict that only the normal partners of R7 or R8 would express histamine receptors (Witte et al., 2002) and thus be able to respond to the histamine release.
The presynaptic terminal of R1-R6 determines the architecture of its synaptic organelles Additional evidence of R1-R6 terminal autonomy comes from the more detailed examination of its synaptic organelles. Several features of the latter reveal that the size, structure, and composition of the organelles are highly conserved, regardless of the identity of the postsynaptic target cells. These features include at the release sites: the presynaptic T-bar ribbon and the quadripartite composition of its postsynaptic ensemble; and at the capitate projection, the diameter of the head and its invagination by a glial cell process. All of these features are determined by the presynaptic photoreceptor neuron, in an autonomy that confirms many other details of tetrad synaptogenesis in the lamina.
